Sanazole/DNA repair/Hypoxic radiosensitization/DNA polymerases/Saccharomyces cerevisiae Yeast Saccharomyces cerevisiae can exist in two physiological states, namely anaerobic and aerobic. They differ in their response to gamma-radiation and radiomodification. We report hereon our results concerning radiosensitization by Sanazole (AK-2123), a well-known hypoxic radio sensitizer, whose mechanism of action has been studied extensively. The results have revealed that Sanazole (1mM) when present during irradiation could specifically sensitize wild-type anaerobic yeast cells with a DMF of 2.4. In a radiation-sensitive mutant which lacks a DNA repair pathway specific for the recovery from gamma-radiation induced DNA damage, the extent of sensitization was considerably lower and the DMF was only 1.3. Studies on the liquid holding recovery of cells of both wild-type and rad52 yeast cells exposed to radiation in presence of Sanazole revealed that sensitization by Sanazole is due to a preferential increase in the DNA damage, and not by impairing DNA repair. This system thus holds promise for screening potential hypoxic chemical radiosensitizers.
INTRODUCTION
The factors that influence the response of living cells to radiation are the DNA repair status, the physiological state of cells, the presence of oxygen and chemicals as well as pre and post irradiation treatments [1] [2] [3] . Failure to achieve complete response following radiotherapy of large tumors is attributed to the presence of radioresistant hypoxic cells 4) . This necessitates the use of specific hypoxic chemical radiosensitizers. Yeast, Saccharomyces cerevisiae, offers a simple system for studying hypoxic chemical radiosensitization. Yeast can exist in two physi-ological states, namely, anaerobic and aerobic. Anaerobic cells lack functionally active mitochondria, and energy generation is solely through glycolysis, as has been well documented 5, 6) , and hence resemble hypoxic tumor cells in a number of biochemical parameters. Further, the availability of radiation-sensitive mutants can help delineating the mechanism of chemical radiosensitization by differentiating between the amplification of DNA damage and inhibition of the DNA repair process. We earlier used this system to study the mechanism of radiosenisitization of N-ethylmaleimide and misonidazole 7) . We present here the results of our studies on AK2123 (Sanazole), a hypoxic radiosensitizer that is currently undergoing phase-III clinical trials.
METHODS AND MATERIALS

Yeast strains
The haploid yeast strains of S.cerevisiae (Wild-type ATCC 3177) and a radiation-sensitive mutant (BK 52 T/35 : a ade 2.119 trp SA CYH2 i/u 1-92 rad52-1) used in the present study, were the kind gifts of Prof. R. Haynes, Dept. of Biology, York University, Ontario, Canada.
Media
Media designated as YEPD-aerobic and YEPD-anaerobic were used for growing cells under aerobic and anaerobic conditions, as reported by us 8, 9) . Growth under anaerobic conditions was carried out in batches of 400-ml medium in 500-ml Erlenmeyer flasks. Oxygen-free nitrogen was passed through the medium without disturbing the layer of yeast cells at the bottom, and the flasks were sealed with parafilm. Strict anaerobiosis was revealed by absence of cellular respiration studied using a Clark-type oxygen electrode in a GME Oxygraph 10) (Gilson Medical Electronics, Middleton, WI, USA). Aerobic growth was carried out in batches of 200 ml in 500-ml Erlenmeyer flasks by aeration through a sparger.
Gamma irradiation
Anaerobically and aerobically grown cells of both wild-type and rad52 strains were harvested, washed and suspended in 0.1 M sodium phosphate buffer (pH 7.0) at a density of 10 6 cells /ml and were exposed to different doses of gamma radiation in a Gamma Cell 220 (Atomic Energy Canada Ltd., Ottawa, Canada) at a dose rate of 18 Gy/min. For irradiation under oxygenated conditions, the washed cells were preincubated for 10 min with oxygen. For irradiation under anoxic conditions, the cell suspensions were preincubated for 20 min with nitrogen, since oxygenation occurs within 15-20 min, as determined by oxygraph studies 10) . In both cases, the bubbling continued during irradiation. The cell suspensions were irradiated in the presence and absence of 1 mM Sanazole. A 2% solution of Sanazole was prepared in saline, filtered through Millipore filters, and sealed in 50 ml vials; it was then sterilized and preserved under refrigeration away from light until use, as described by Huilgol et al 11) . In another set of experiments, anaerobic cells were preincubated with Sanazole for 20 min; after the chemical was washed off, and the cells were exposed to gamma radiation. In yet another set, the chemical was added to the cell suspensions after irradiation, and then incubated.
Liquid holding recovery
Irradiated cell suspensions were held either at room temperature (RT) or at 0°C. The survival was followed from these batches for different post-irradiation incubation periods.
Determination of cell survival
Cells from various treatments were plated on YEPD agar medium after undergoing suitable serial dilutions; the surviving fractions were determined by scoring macroscopic colonies after three days of incubation at 30°C 8, 9) .
Assay for DNA polymerases
Nuclei were isolated from cells after various treatments, and DNA polymerase was assayed essentially as standardized in this laboratory [12] [13] [14] . The assay measures the conversion of radioactively labeled deoxyribonucleotide triphosphates into an acid-insoluble product. The standard assay mixtures contained, in a total volume of 100 µl, 0.05M Tris-Hcl pH 7.4, 10mM MgCl 2 , 1mM β-mercaptoethanol, 40 µM each of dGTP, dATP, dCTP, 5 µM dTTP, 1µCi α[ Aerobically grown cells of Sacchromyces cerevisiae were exposed to different doses of gamma-radiation in both the absence and presence of Sanazole (1mM). The survival was determined as described in the text. Each point in the Figure is the mean ± SD of 5 experiments. The results are presented as log of % survival by taking the survival of the unirradiated control cell population as 100%, which is log 2.
primer structure needed for DNA polymerase action. In one set of assays, aphidicolin (10 µg/ assay) was included, and in another set, 100mM KCl was added. DNA polymerase I (yPol I which exists as a complex with DNA primase) and yPol III have been shown to be required in DNA replications, and are inhibited by aphidicolin [15] [16] [17] . A high KCl concentration is inhibitory only to yPol I. DNA polymerase II (yPol II), implicated in DNA repair, was differentiated on the basis of its high insensitivity both to aphidicolin and high stringency 18, 19) .
RESULTS
Fig . 1 shows the survival curves of aerobically grown cells, both in the absence and the Anaerobic cells of both wild-type and rad52 were exposed to various doses of gamma radiation in both the absence and presence of Sanazole (1mM) and viable cells (colony forming cells) were scored as described in the text. Each value is an average of five experiments presence of Sanazole (1mM), of both the wild-type and the mutant strains rad52. Compared to the wild-type strain, the mutant strain exhibits greater susceptibility to gamma radiation, which is solely due to the absence of recombinational DNA repair 20) . It is clear from the Fig. 1 that the presence of Sanazole (1mM) during irradiation did not sensitize the aerobic cells. Fig.   Fig. 3 . Liquid holding recovery at 0°C and RT in wild-type anaerobic yeast cells following gamma irradiation (18 Gy): Effect of Sanazole (1mM). Anaerobically grown wild-type yeast cells were exposed to gamma irradiation (18Gy) in both the absence and presence of Sanazole (1mM). After irradiation the cells were incubated for a period of 6 hr and survival was determined as described in the text. Each point in the Figure is the mean ± SD of 5 experiments. 2 depicts the survival curves of anaerobically grown cells of these strains both in the absence and presence of Sanazole (1mM). It can be seen that Sanazole at the same concentration could specifically sensitize anaerobic cells of the wild-type strain to a large extent, while the anaerobic mutant cells were sensitized only to a lesser extent. A dose-response curve with varying concentrations of Sanazole indicated that a concentration of 1mM was sufficient for sensitization (data not shown). It has been reported from our laboratory that E.coli cells under anoxic conditions were also sensitized at this concentration of Sanazole 21) .
A number of chemicals have been shown to enhance gamma radiation-induced damage in a unicellular system 20) . The sensitization could be brought about by amplification of DNA damage by radiation per se on cellular DNA or by inactivation of DNA repair [22] [23] [24] [25] . The results presented in Table 1 also show a DMF of 2.4 in wild-type cells and 1.3 in rad52. Beacause, a small degree of sensitization is apparent even in a repair-deficient strain, it can be inferred that radiosensitization by Sanazole can probably be attributed to the intensity of free-radical attack, rather than to inhibition of DNA repair. If a chemical-induced radio modification had resulted in a higher value for DMF than what is observed in rad52, that would have implied that the radiosensitizing effect might be partly mediated by the inhibition of the RAD52-dependent DNA repair pathway, which is present in the wild-type cells, and not in the rad52 mutant.
There was no change in the surviving fractions when the wild-type anaerobic cells were treated with a sensitizer (without irradiation) and plated after 2 hours of incubation with Sanazole. The incubation of wild-type anaerobic cells with Sanazole before and after irradiation did not affect the gamma-radiation induced killing of cells, as observed from the results presented in Table 2 . Similar results were observed in rad52 anaerobic cells (Table 2 ). This would mean that Sanazole acted as a radiosensitizer of anaerobic cells, and not by interfering with any other metabolic processes. It also implies that sensitization did not influence the recovery process by modulating macromolecular synthesis.
The premise that Sanazole did not interfere with the DNA repair process was further ascertained by following the liquid holding recovery (LHR), which indicates the extent of DNA repair at various post irradiation time intervals. In the wild-type cells there was a significant increase in the surviving fraction following irradiation (18Gy) upon post-irradiation incubation at room temperature (Fig 3) . Such a recovery was not seen in cells incubated at 0°C, which inhibits the repair process. An increase in the surviving fraction following post-irradiation incubation at room temperature was also observed in cells exposed to a higher dose, of 36 Gy (Fig 4) , but this increase was only to a lesser extent (Fig. 4) . There was no further decrease in the surviving fraction in Sanazole-sensitized cells upon post-irradiation incubation, which would indicate that Sanazole did not inhibit DNA repair. No such recovery was observed in the rad52 mutant when held at room temperature and at 0°C at all time periods and at all of the doses studied (Fig 5 & 6) . The radio-sensitive mutant rad52 lacks only homologous recombinational repair, but is proficient in other repair processes. Also, since LHR was not influenced by Sanazole, it may be surmised that other repair mechanisms probably are Nuclei were isolated from anaerobic wild-type yeast cells irradiated in both the absence and presence of Sanazole (1mM), and DNA polymerases were assayed as described in the text. Each value is the mean ± SD of five experiments.
also not affected. A number reports covering a large range of organisms from simple eukaryotic yeast to mammalian systems suggest that the activity of the DNA polymerase involved in DNA repair is selectively increased in response to gamma irradiation [26] [27] [28] . The status of DNA repair was indirectly measured by following the activity of DNA polymerases in cells after different treatments. As can be seen from Table 3 , there was a marked increase in the total DNA polymerase activity in response to gamma radiation. The increase was traced to be specific in DNA polymerase II (yPol II), which has been reported to be involved in DNA repair 19) . This was not affected in Sanazole-sensitized cells, which strengthens the contention that Sanazole brings about radiosensitization by only increasing DNA damage by intensifying the free-radical attack, rather than by inhibiting DNA repair.
DISCUSSION
The mechanism of radiosensitization by Sanazole has been extensively studied [29] [30] [31] . The present study was an attempt to use anaerobic yeast cells to study the potentiality of possible hypoxic chemical radiosensitizers. The presented results clearly show that Sanazole (1mM) specifically sensitized anaerobic cells of both the wild-type and rad52 mutant of S.cerevisae when present during irradiation (Fig 1 &2) . There was no change in the surviving fractions when the cells were treated with a sensitizer (without irradiation), and plated after 2 hours of incubation with Sanazole at the same concentration ( Table 2 ). The incubation of cells with Sanazole before and after irradiation did not affect the gamma radiation-induced killing of cells. This would mean that Sanazole acted as a radiosensitizer of anaerobic cells, and not by interfering with other metabolic processes. It also implies that sensitiztaion did not influence the recovery process by modulating macromolecular synthesis. Our results are in good agreement with those of Petin, who has reported that misonidazole, a nitro imidazole compound similar to Sanazole, which is a nitro triazole compound, specifically sensitized hypoxic yeast cells. Although radiosensitization by misonidazole was also found to be concentration dependent, it was not distinguished whether this sensitizer inhibited the DNA repair process, or that the mechanism of sensitization was due to a greater manifestation of potentially lethal damage 32, 33) . The present results show that Sanazole did not inhibit the DNA repair process, but sensitization is solely brought about increasing the damage to DNA. Being an eukaryotic organism, yeast cells also possess a mixed-function oxidase system, which would modify any chemical into its reactive metabolite(s), thus bringing about sensitization 34) . Further, the availability of a repair-deficient mutant makes it feasible to differentiate between the amplification of DNA damage and the inhibition of DNA repair.
